New methods have been developed for the design of a far ultraviolet multilayer reflection polarizer and retarder. A MgF2/Al/MgF2 three-layer structure deposited on a thick opaque Al film (substrate) is used for the design of polarizers and retarders. The induced transmission and absorption method is used for the design ofa polarizer and layer-by-layer electric field calculation method is used for the design of a quarterwave retarder. In order to fabricate these designs in a conventional high vacuum chamber we have to minimize the oxidation ofthe Al layers and somehow characterize the oxidized layer.
INTRODUCTION
In the far ultraviolet (FUV : 120 ' 230 nm) region, a MgF2 crystal is known to be birefringent down to 130 mv,1 and has been Used as a transmission po1añzer.2' Some authors used LiF4 and MgF25 crystals for a reflection polarizer. Complete polarization is achieved when a transparent crystal is oriented at its Brewster angle, but metal surfaces have higher reflectances than crystals.6 A single metal surface at the Pseudo-Brewster angle of incidence is not enough for a high degree of polarization, and Hamm et. al.7 designed a triple-reflection-polarizer (TRP) using gold coated mirrors.
It is known that in the FUV region a LIF and MgF2 ciystal can act as a retarder when pressure is applied to the edges of the ryta' There also have been studies on the use of metallic surfaces as quarterwave retarders (QWR).5' The authors adjusted the angle representing the orientation of the electric vector ofthe incident photon beam with respect to the plane ofincidence to make the reflectances equal for both polarization states.
We have reported three-layer thin film design methods for a FUV polarizer9 and a QWR.'° As coating materials we use MgF2 and Al. The polarizer design is based on the known effect of induced transmission and absorption in high-low absorbing multilayer structures.
The induced transmission/absorption approach provides an effective means of attaining the absolute maximum reflection ratio of s-to p-polarization on a layer-by-layer basis and also gives clear insight into the evaluation of the s-and p-amplitude reflectance and transmittance through a polarizer. Similarly, the knowledge about the phase difference between s-and p-polarization on a layer-by-layer basis provides an excellent design method for multilayer reflection QWRs.
Oxidation ofan Al layer in a conventional high vacuum chamber ('--1O torr) is a serious problem which has to be solved for successful fabrication of polarizer and QWR designs. Obviously, the problem is easily solved ifthe designs were fabricated in an ultrahigh vacuum (UHV) coater ( 1O-" torr). Since we do not have access to an UHV system, we need to understand the Al oxidation process. The experimental and theoretical techniques for modeling of Al oxidation in the polarizer and QWR designs are explained.
DESIGN METHODS

1. FUV polarizer design
The coating materials used are MgF2, a very low absorbing FUV material, and Al, a very high absorbing FUV material. Fresnel coefficients are quite different between s-and ppo1arizations for oblique angles of incidence at the boundaries of these materials. This property is used to achieve a large difference in reflectance between the two polarizations.
Berning and Turner" showed that a reasonably thick metal film can be induced to transmit a surprising amount of energy of a particular wavelength when it is surrounded by suitably chosen interference film combinations. They called this technique 'induced transmission' and applied it to a bandpass filter design. A polarizer can be designed by inducing transmission and absorption for p while maintaining a large reflectance for s-polarization.9
Consider now a MgF2/AIIMgF2 three-layer structure which together with an Al substrate provides 3 high-low absorptance boundaries. The top MgF2 layer thickness is determined to make the ppolarization amplitude a minimum when it enters into the central Al layer. Then the p-polarization light passes through the central Al layer with very little absorption. The bottom MgF2 layer works as a transmission and absorption induced layer. This layer makes the p-polarization amplitude large when it goes back to the central Al layer and when it transmits into the Al substrate. This layer increases both reflected and transmitted p-polarization electric field amplitudes at the MgF/A1 boundaries. Therefore, antireflective properties of the bottom MgF2 layer induce transmission and absorption of the p-electric field in the middle and bottom (substrate) Al layer. Both Al layers absorb p-polarized light and therefore reduce p-reflection ofthe MgF2/AVMgF2 design. Since the polarizer is designed as a p-polarization trap and the s-polarization is affected differently, the s-polarized light is reflected from the 3-layer structure with little loss. Figure 1 shows the calculated s and p spectral reflectance of a polarizer designed for 130.4 nm and at a 450 angle of incidence. The calculated reflectance for s-polarization is 92.7% while ppolarized light reflectance is less than 0.00 1%.
FUV quarterwave retarder design
A QWR takes advantage of the same three-layer structure used for the polarizer design.'° In this case the difference in Fresnel coefficients is used to achieve a phase difference. A multilayer that satisfies the following requirement imposed on amplitude reflectances and phases is known as a QWR. In addition to the basic requirement given above, a QWR needs to have a high reflectance for both polarization states. Therefore, the central Al layer should be as thin as possible to avoid large losses due to absorption. The design task then becomes that of determining the thickness of the two MgF2 layers that will yield the best performance.
At the first boundary, the incident amplitude is 1, and the reflected amplitudes for s and ppolarizations are decided by the target reflectance and basic QWR requirement given by Eq. (1). Starting with these two electric fields, the fields at the top of the 4th boundary can be calculated. In addition these two fields are related by the Fresnel reflection coefficients, thus providing a system of two equations with two unknowns; one for each polarization state e1(r r )(e15-r 2e15)
+e'(r
where is the target amplitude reflectance for the s-and ppo1arizations, r12 and r3 are the Fresnel reflection coefficients at the vacuumlMgF2 boundary and the MgF2/A1 boundary, respectively, and ö is the phase thickness ofthe central Al layer. The two unknowns, 4 and 42 are the phase thicknesses of the two MgF2 layers. Figure 3 shows a QWR designed for 130.4 nm that has 89.09 % reflectance for the s-polarization and 89. 1 1 % for the p-polarization state. The phase difference between these two polarization states is 90.04°. For convenience the QWR is designed for a 45°a ngle of incidence, but our design approach can be used for any other angle of incidence.
OXIDATION PROBLEM OF ALUMiNUM LAYERS
We fabricated a polarizer which was expected to have reflectances as shown in Figure 1 . The deposition was done in a vacuum of 1 .9X 10-6 torr. The measured performance was quite different from the design values as is shown in Figure 4 . We assume that our coated Al layers have different optical constants from the values we used for design. In the design, we used Al optical constants obtained for films produced in ultrahigh vacuum, from reference 12. But an ultrahigh vacuum chamber is not available to us and it is known that Al oxidizes even in high vacuum. We have to minimize the oxidation using our conventional high vacuum chamber (-1O-torr) and characterize our Al film, which would have different optical constants from those used in the design.
The oxidation problem of the Al layer has been studied by many methods'3-'9 and here we summarize the commonly known facts.
. Generally, the higher the vacuum and the faster the evaporation, the higher the reflectance of the Al mirror.
S
A surface oxide of an Al film does not strongly effect the reflectance down to 1 80 rim, but at the shorter wavelengths ofthe FUV the oxide layer decreases the reflectance significantly.
. The films produced in ultrahigh vacuum (1O'91O1O ton) are believed to correspond to an uncontaminated Al surface.
. The films evaporated in conventional high vacuum are moreor4ess oxidized.
In order to minimize the oxidation, we have to deposit the Al film very fast and we cover it with MgF2 ' a minimum time. Halford et. 16 reported that ifthe pressure to deposition rate ratio is smaller than 1O -1O-torr min./A° the film has pure Al properties. For the Al substrate case, we can deposit as fast as possible. But for the central Al layer, we have to deposit slowly to control the thickness exactly. Therefore, our two Al layers are expected to have different oxidation properties. 
DEPTH PROFILING ANALYSIS
In order to understand the oxidation characteristics of our Al films we tried to take a picture of the actual thin film structure using the xray photoelectron spectroscopy (XPS) depth profiling method.2°x ps is a widely used analytical ultrahigh vacuum technique for investigating the chemical composition of solid surfaces. With this XPS system we illuminate the thin film surface with the Mg (or Al) K-a line xrays and analyze the photo electrons and Auger electrons coming out ofthe surface. The typical output of an XPS experiment shows the number of electrons as a function of binding energy. Therefore, the position of a peak detects the presence of an element in the surface, and the height of a peak is proportional to the concentration of the element. The XPS system can calculate the concentration of an element from the area and the sensitivity of the peak.2' Figure 5 shows the oxidation of the Al substrate layer as one of our depth profiling analysis results for a sample of MgF2(25 nm)/Al(92 nm) deposited on a Pyrex substrate in a vacuum of 5.0X10 ton. Al and MgF2 layers are deposited at a rate of 4.4 nm/sec. and 0.2 nm/sec., respectively, and there is a 7 seconds time delay switching between material.
Our Ar ion gun is not calibrated so Figure 5 shows the volume concentration as a fi.rnction of etch time. According to this figure we reach the boundary of MgF2/Al and Al/Pyrex in about 13 minutes and 70 minutes, and this corresponds to etching MgF2 and Al at a rate of 1.92 nm/mm. and 1.61 nm/mm., respectively. The top figure shows that the bottom part of the Al layer is not oxidized thanks to our fast deposition, but during the material switching time the top surface is oxidized down an 8 mn thickness, and MgF2 has some oxygen in it. It also shows that magnesium and silicon are interdiffused into the Al layer.
The bottom figure shows the contaminants concentration. It shows that in spite of our careful sample preparation and handling, our Pyrex and MgF2 surfaces are contaminated by carbon. It also shows that we have a sodium contaminant of 2.5% in our MgF2 layer. We cannot explain the origin of this contamination. (The purity of our coating material is 99.95 %.) The XPS is a very complicated system and there is some possibility of misinterpretation. Therefore, this result is still open to question. We are going to continue this experiment and try to explain the origin of these contaminants and also their effect on the film performance.
We will also try the same analysis for a MgF2/Al sample deposited at a slow rate which we can control thickness exactly to find out the oxidation property of the central Al layer. The measured profile in Figure 5 is a result of the convolution of the true profile and resolution function of the system. If we deconvolve the resolution function we can have a sharper boundary profile. Then we will have a better idea about the thickness ofthe oxidized Al.
TECHNIQUES FOR MODELING AND CHARACTERIZATEON OF ThE ALUMINUM LAYER
We plan to analyze these results in the following way. From the depth profiling analysis results in Figure 5 , we conclude that the Al substrate can be modeled as two different sublayers an oxidized Al layer (about 8 nm thickness) on the thick opaque Al substrate. From the reflectance measurements of this MgF2/Al oxide/Al structure for different incident angles or for different MgF2 layer thicknesses, we will try to characterize our oxidized Al layer by optical constants. For the bottom part of Al, the reported optical constants in reference 12 will be used as the starting point. If interdifihised elements, Si and Mg, do not have a significant effect, the bottom part ofthe Al has similar optical constants as pure Al. If the interdiffi.ised elements change the property of Al much we may need many more measurements and numerical fitting ofthe optical constants.
The central Al layer will be characterized using a similar procedure. First of all we will fabricate the samples using the appropriate deposition rate, which can be repeatedly deposited during fabrication for the control of the exact thickness. Then we will analyze the depth profile by the XPS experiment. We anticipate that the layer can be modeled as three different sublayers. At the moment we open the shutter the Al molecules which travel to the substrate will combine with oxygen molecules remaining in the vacuum chamber. The Al molecules which reach the substrate later will have less of a chance to meet oxygen than the first arriving ones. And during the material switching time the top layer will be oxidized similar to the substrate Al case. Therefore, our fabricated polarizer and QWR are expected to have a seven layer structure as shown in Figure 6 . Sputter Time [mini Figure 5 . Result of depth profiling analysis using an XPS system for a MgF2/Al structure. The top is for main constituents and bottom is for contaminants.
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Oxidized Al #4 Al substrate The depth profiling analysis will give us ideas about the thickness and volume concentration of oxygen for these possible sublayers. Comparing the amount of oxygen and the reflectance measurements, a mathematical fitting method will be used to determine the optical constants ofthese layers.
Using the optical constants and thicknesses of the Al sublayers, we will optimize the thickness of the two MgF2 layers. During the fabrication of this revised design we will maintain all deposition parameters to obtain the same Al sublayers.
SUMMARY
A MgF2/A1/MgF2 three-layer structure on opaque Al is found very useflul for designing a FLJV polarizer and QWR. For thickness determination we use the induced transmission and absorption method for the polarizer and a layer-by-layer electric field calculation method for the QWR. In order to fabricate these three-layer structures in a conventional vacuum, we need to minimize the oxidation of the Al layer and characterize the oxidized Al layer. For the characterization we propose a 7-layer oxidation model. The XPS depth profiling analysis can be used for the determination of the thickness and oxidation amount of the Al layer. 
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